Cocultures of the learning-relevant forebrain region mediorostrai neostriatum and hyperstriatum ventrale (MNH) 
INTRODUCTION
Avian learningfor example, song learning in song birds (Mooney, 1999; Bischof & Rollenhagen, 1999; Tramontin & Brenowitz, 2000) , food storage and retrieval in jays (Griffiths et al., 1999) , one-trial avoidance learning (Rose, 2000) and filial imprinting in domestic chicks (Bolhuis & Honey, 1998;  Horn, 1990; Braun et al., 1999) --is becoming (C) Freund & Pettman, UK, 2001 increasingly popular as a model for studying the cellular and molecular mechanisms of vertebrate learning and memory formation. The systematic analysis of filial imprinting, representing the very first postnatal learning event in birds and in various mammalian species, including humans (DeCasper & Fifer, 1980) , has lead to the identification of morphological, biochemical, molecular, and physiolological changes accompanying this ontogenetically driven form of emotional learning. The presumed avian analogue of the prefrontal cortex (Metzger et al., 1996; Scheich et al., 1991; Bock et al., 1997) , the mediorostral neostriatum and hyperstriatum ventrale (MNH), is one key structure in the chick forebrain that is critically involved in auditory filial imprinting.
Increased metabolic activity (Maier & Scheich, 1983; Bock et al., 1996; WallhiufSer & Scheich, 1987) , spike activity (Bredenk6tter & 2000) , glutamate release (Gruss & Braun, 1996) , and a 45% to 50% reduction of spine synapses (WallhiufSer & Scheich, 1987; Bock & Braun, 1998) were seen in the MNH after auditory imprinting. Behavioral, morphological, and in vivo microdialysis studies revealed that glutamate, released by afferents arising from the nucleus dorsomedialis anterior thalami/posterior thalami (DMA/DMP) (Metzger et al., 1996) , is essential for this learning task. In particular, the activation of the N-methyl-D-aspartate (NMDA) receptor mediates the induction of long-term potentiation (LTP) and long-term depression (LTD) in MNH neurons (Wang et al., 1994) , as well as the learning-induced spine elimination (Bock et al., 1996; Book & Braun, 1999 (Hofmann & Braun, 1995) .
EXPERIMENTAL Preparation of slice cultures
The preparation of MNH slices was described elsewhere (Hofmann & Braun, 1995) . Briefly, on the day of hatching, White Leghorn chicks (Gallus gallus domesticus) were decapitated and the forebrain was embedded in sterile agarose (LMP-agarose, Bethesda Research Lab., 2% in distilled water) and glued to the cutting block of a vibratome. Transverse 250 lam slices were sectioned into fresh icecold dissecting buffer (Geys Balanced Salt Solution, Gibco) enriched with glucose (5 mg/ml), and the neostriatal part of MNH was dissected out with a scalpel (Fig. 1A) . The MNH slices were kept in dissecting buffer for 90 to 120 min at 4C. Table 3 .
Inward rectification
Thirty-three percent of the MNH neurons showed nonlinearities within the electrotonic response to intracellular hyperpolarization. At negative current values an initial overshoot ('sag') in the response to hyperpolarizing current pulses occurred (Fig. 5A) , and the slope of the currentvoltage relationship decreased (Fig. 5B) (Fig. 4A, B) . In certain fast spiking neurons, thalamic stimulation induced a burst of action potentials with more than 500 ms duration (Fig. 4C ).
When neurons were driven to different membrane potentials by intracellular current injection before and during afferent stimulation, we could study the reversal potentials of the evoked responses (Fig. 6) In 75% of the neurons, the membrane potential broke down after a short period of enhanced spontaneous activity (Fig. 7A) . In 12.5% of the neurons, the responses to thalamus stimulation were stronger (evoked EPSPs had higher amplitudes) during NMDA application. In one neuron (6.25%), the spontaneous EPSPs were prolonged, and in another neuron (6.25%), no change of spontaneous or evoked activity was observed, not even at high NMDA concentrations (2.5 mM).
APV and Con-G: Five MNH neurons were analyzed with APV (50 to 200 tM) and five MNH neurons during Con-G (50 laM) application. Both NMDA-antagonists affected EPSPs evoked by thalamus stimulations" In 60% of the tested neurons, APV reduced EPSP amplitudes by up to 55%. Even with high APV concentrations (2 mM), the evoked responses could not be completely blocked (Fig. 8) (Fig. 7B ). During thalamic stimulation, 100 tM bicuculline methiodid suppressed the slow PSP component completely, whereas the fast PSP component remained (Fig. 10) (Figs. 11, 12) . We found an increase of the number of action potentials, integral and slope of EPSPs, as well as a decrease of the action potential latency (in one neuron the action potential latency increased). In two of these neurons (6%; fast spiking, regular spiking), the potentiation lasted longer than 15 min. In five neurons (16%; 3 regular spiking, 2 bursting), The three physiologically defined neuron types (regular spiking, fast spiking, and bursting) that were found in MNH acute slice preparations (Wang, 1992) were also identified in MNH slice cultures, but with different percentages. Regular spiking neurons, the most abundant neuron type, were represented both in cultures (75%)and in acute slices (60%). The percentage of bursting neurons, however, was much lower in cultures (12%) than in acute slices (36%), whereas the percentage of fast spiking neurons was higher in cultures (13%) than in acute slices (4%). The different ratio of regular spiking neurons to bursting neurons in the tissue cultures could be due to a differential survival of these physiological neuron types under in vitro conditions. Alternatively, the surviving neurons might experience a change from bursting to regular or tonic mode, as described for guinea pig neocortical slices (Connors et al., 1982) , in rat hippocampal slices (Scharfman, 1993) , and in lobster stomatogastric ganglion cells (Turrigiano et al., 1994) . We might have underestimated the occurrence of fast-spiking neurons both in vivo and in vitro because of the difficulty in obtaining stable recordings from this small neuron type. Brief recordings, during which the neurons were lost before stimulations could be started, point to a much larger percentage of fast spiking cells, similar to observations in rat neocortical explant cultures (Wolfson et al., 1989) and in neocortical slices (McCormick et al., 1985) . Because MNH neurons are much larger in vitro than in vivo (Hofmann & Braun, 1995) , recording fast spiking neurons was easier than it might be in acute slices.
The time constant and AP duration were significantly shorter and the AP amplitude was significantly smaller in fast-spiking neurons than in regular spiking and bursting neurons. Particularly, short AP duration is a common feature of fastspiking neurons, described in MNH acute slices (Wang, 1992) as well as in various regions of mammalian cortex, where fast spiking neurons act as inhibitory interneurons (Connors & Gutnick, 1990) . A small AP amplitude and short time constant compared with other neuron types were also reported for fast spiking neurons in cocultures of rat cortex, striatum and substantia nigra (Plenz & Kitai, 1998) .
The presence of bursting, regular, and fast spiking neurons in MNH-cultures indicates that the three principal neuronal spike patterns of MNH neurons persist in culture. Their physiological properties, such as time constant, input resistance, spike threshold, spike amplitude, and spike duration of MNH neurons remained stable over the first four weeks in vitro, which agrees with reports from other in vitro systems (Jourdain et al., 1996; Lohrke et al., 1998) , paralleling the persistence of morphological parameters during this period (Hofmann & Braun, 1995) .
Thirty percent of the MNH-neurons showed inward rectification of hyperpolarizing electrotonic responses. Inward rectifier currents participate up to 50% in resting conductance of neurons with an inward rectifier potassium channel (Uchimura et al., 1989) and cause a robust resting potential, due to reduced input resistance and a shortened time constant at hyperpolarized levels (Nisenbaum & Wilson, 1995 (Wang, 1992 (Foehring et al., 1991; van Brederode & Snyder, 1992; Scharfman, 1993; Beggs & Kairiss, 1994) . Additionally, the time constants of cultured MNH neurons (5 ms to 9 ms) were similar to those in mammalian acute slices (Foehring et al., 1991; Scharfman, 1993 (Chang & Greenough, 1984; Geinisman, 1993; Neuhoff et al., 1999) (Peters et al., 1991) . Perhaps the symmetric thalamic synapses in culture represent excitatory synapses without a clearly developed postsynaptic density, which was also described in mammalian cocultures (Distler & Robertson, 1993) . In contrast, we observed in vivo a strong correlation between Gray-type and dendritic localization in the MNH region: 85% to 98% (depending on cell type) of the spine synapses were found to be asymmetric (Faber, 1992 In line with our previous findings that in vitro, the cell bodies and dendrites are larger than those in vivo (Hofmann & Braun, 1995) (Wang et al., 1994) . The physiological changes occurring after tetanic stimulation in vitro were similar to those in MNH acute slices (Wang, 1992; Wang et al., 1994) and in slices from another learning-relevant forebrain area (Bradley et al., 1991; Matsushima & Aoki, 1995 (Metzger et al., 1998) and probably mesencephalic dopaminergic, and serotonergic afferents as well.
In summary, our morphological and physiological characterization of DMA/DMP-MNH cocultures revealed that this avian in vitro system provides a suitable model for physiological and pharmacological studies on synaptic plasticity under highly controlled conditions.
